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Improvement of the photocatalytic degradation 
property of ZnO atomic layer deposition thin films: 
Interplay between film properties and functional 
performances 
 
V.Rogé,ab N. Bahlawane,a G.Lamblina, I.Fecheteb, F.Garinb, A.Diniac and 
D.Lenoblea*  
We evidence in this work the impact of the stoichiometry in ZnO nanofilms grown by Atomic 
Layer Deposition (ALD) on their photocatalytic properties. We point out the capital 
importance of the hydrogen incorporation and propose here a model explaining the presence of 
Zn-OH impurities in the form of a ZnOxHy amorphous matrix hosting ZnO crystallites. We 
evidence that this phase prevails in films grown at low temperatures and prevents the 
photoluminescence and photocatalytic activity of the ZnO films. We also point out that high 
temperature ALD processes promote the preferential growth of the ZnO films in the (002) 
orientation, leading to a significant increase of the films wettability and so their photocatalytic 
degradation performances. 
 
 
 
 
 
 
 
 
Introduction 
 
The use of photocatalytic materials for water remediation is an 
innovative rapidly growing field. Several semiconductors were 
investigated as a mean to use the abundant solar energy to clear 
water1. Among them, ZnO is a well-known and interesting 
photocatalyst due to its intrinsic properties like its direct band 
gap around 3.2 eV and its excitons binding energy around 60 
meV. Thus, ZnO absorbs light in the UV range and exhibits 
luminescent properties even at room temperature2. Furthermore, 
ZnO is readily available, biocompatible, thermally stable and 
can be synthesized in many different nanostructures3. As a 
consequence, ZnO is a potential material for optical and 
electronic devices like UV laser diodes, photo detectors, 
piezoelectric nano-generators, solar cells and photocatalysis4. 
The photocatalytic performance of ZnO has been widely 
studied for various nanostructures like nano-films5, nano-
wires6, nano-particles7 or nano-platelets8,9. Those studies have 
pointed out the chemical degradation of different dyes like 
methylene blue10, rohdamine b11, methyl orange12, or other 
organics like salicylic acid13, chlorophenol and chlorobenzene14 
when ZnO nanostructures are illuminated under UV radiation. 
ZnO can be synthesized using many different processes with a 
significant impact of the resulting properties. The synthesis 
processes can be regarded as liquid-based or dry processes. The 
liquid phase synthesis relies on hydrothermal, precipitation and 
sol-gel processes. These methods allow the synthesis of diverse 
nanostructures of ZnO at low temperature15,16. The low 
temperature is however associated with potential presence of 
impurities including carbon17,18.  The dry synthesis processes 
are either chemical (Chemical Vapour Deposition: CVD) or 
physical (Physical Vapour Deposition). The PVD processes 
rely on thermal evaporation or the sputtering of a source 
material under high vacuum19. The PVD processes yield in 
general high quality coatings, but they are inherently line-of-
sight which is not compatible with the deposition on powders.  
The activation of the deposition reactions in CVD can be 
thermal or assisted by plasma or a laser beam; and the surface 
might be simultaneously or sequentially (Atomic layer 
Deposition) exposed to the deposition reactants. This latter 
mode (ALD) enables the growth of conformal films. High 
temperature CVD processes have the advantage of growing 
structures with high crystallinity and low defect 
concentrations20. 
Due to the difference in the growth mechanism, precursors used 
or growth temperature for all synthesis processes, particular 
defects can be created in the ZnO structure. CVD usually leads 
to high quality films due to the high temperature used during 
the process, nevertheless defects like zinc vacancies/interstitial 
or oxygen vacancies/interstitial might be present21. Adjusting 
the partial pressure of oxygen relative to Zn precursor is an 
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efficient way to optimize the films stoichiometry22. When it 
comes to the growth of thin films on 3D templates, relevant to 
photocatalytic applications, like porous substrates with high 
aspect ratios, the ALD has an excellent advantage. The perfect 
conformality of coatings made by ALD opens new possibilities 
for the design of innovative photocatalysts. Systems like 
core/shell heterostructures composed of a nanoparticles of SnO2 
or TiO2, covered homogeneously by a ZnO film as a shell can 
then be accessible23,24. These heterostructures are particularly 
interesting for water photocatalytic cleaning applications. The 
sequential exposure of the surface to the deposition reactants in 
the ALD enables the use of highly reactive precursors which 
considerably lowers the temperature of the process. The 
development of low temperature ZnO by ALD has already been 
reported in the literature25. The ALD of ZnO can be performed 
starting from room-temperature, but no report addresses the 
impact of the growth temperature on the photocatalytic 
performance of the films. In this work, we thoroughly study the 
impact of the growth temperature of ZnO by ALD on the 
photocatalytic degradation performances. These performances 
are explained by deeply investigating the resulting physico-
chemical properties of the ZnO films in order to report, for the 
first time to our knowledge, specific properties of low 
temperature ZnO driving the photocatalytic performances. Our 
work clearly establishes the interplay between the nanofilms 
stoichiometry, morphology, crystalline properties and their 
photocatalytic performances.  
 
Experimental 
Materials and methods 
High purity grade single side polished (100) silicon wafers 
were used as substrates. Concerning the ZnO ALD deposition, 
Diethyl Zinc (DEZ 99.99 % from Sigma-Aldrich) was used as a 
zinc source and deionized water as an oxidant. The reaction 
took place in a commercial gas phase ALD TF200 from Beneq 
Company. The reactants were kept in canisters under vacuum at 
18 °C and their vapours were injected into the reaction chamber 
without any carrier gas. The reaction was realized at low 
pressure (5 mBar) using dry nitrogen as a purge gas. During the 
ALD cycle, the surface was exposed for 200 ms to DEZ vapour 
and then for another 200 ms to the vapour of water. The purge 
between these steps was performed for 2 s under a nitrogen 
flow of 350 sccm. These conditions enable reaching the surface 
saturation in each step, and the purge is long enough to 
suppress the occurrence of parasitic CVD reactions. The 
number of cycles has been arbitrary fixed at 500 cycles, to grow 
layers around 100 nm of ZnO irrespective of the growth 
temperature. The thickness was evaluated from cross-section 
SEM pictures shown in the Figure 1. 
 
 
 
Figure 1: SEM cross section images of ZnO ALD thin films grown at different 
temperatures. The thickness has been evaluated around 100 nm. 
 
A Residual Gas Analyser (RGA) Microvision 2 from MKS was 
used to characterize exhaust gas from the ALD system as a 
function of the temperature. Scanning Electron Microscopy 
(SEM) was implemented to assess the morphology of the 
layers, using a high resolution Helios Nanolab 650 microscope 
from FEI Company. The working acceleration voltage was set 
at 2 kV for a current of 25 mA. Atomic Force Microscopy 
(AFM) was performed with an Innova AFM from Brucker, 
operated in tapping mode. The specific surface area of the ZnO 
nanofilms has been calculated from the topography extracted 
from 1 cm² AFM images by using the software Gwyddion, and 
used for the normalisation of the degradation rate. The optical 
properties of the ZnO films, as well as monitoring of the 
photocatalytic tests were investigated with a UV-visible 
spectrometer Infinite M1000 pro from TECAN. 
Photoluminescence experiments for the different ZnO nano-
films were performed under a 280 nm excitation wavelength 
while detecting from 300 to 700 nm. The methylene blue 
absorbance was measured from 500 to 700 nm. The chemical 
composition of the films was obtained by X-ray photoelectron 
spectroscopy (XPS) with an Axis Ultra DLD X-ray 
spectrometer from Kratos Analytical Company, working with a 
monochromatic Al Kα1 x-ray source at 150 W. A 
deconvolution of the high resolution O1s peak is used to 
quantify the relative abundance of Zn-OH and Zn-O bondings 
in the deposited films. The crystallographic structure of the 
films have been analysed by X-ray diffraction (XRD), using a 
D8 discover diffractometer from Bruker with a Cu Kα X-ray 
source (λ=0,1542 nm). Water contact angle was measured 
using a Krüss DSA16 Easy Drop USB contact angle meter. 
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Photocatalytic experiments 
 
The photocatalytic experiments were performed in a 6 wells 
plate, in 5 ml of a 5 mg.l-1 solution of methylene blue (MB), 
under constant agitation. The samples to characterize were 
placed in individual wells. They were cut in 2 cm2 pieces in 
order to have a comparable exposed active surface. The 
methylene blue acts here as a probe molecule to evaluate the 
photodegradation performance. The evolution of the MB 
concentration was followed by optical absorption measuring the 
absorbance at 666 nm with a UV-visible spectrometer. The 
light source used for the photocatalytic degradation was a 365 
nm UV lamp, delivering a measured power of 2.28 mW.cm-2 at 
the surface of the ZnO films. 
 
Determination of ALD window temperature 
 
The ALD temperature window of ZnO has been determined 
after a study of the diethyl zinc stability versus the temperature. 
DEZ has been injected into the reactor chamber under different 
temperatures, and the by-products of its thermolysis were 
analysed by RGA. The dominant initial decomposition step of 
DEZ is known to be the Zn-C bond homolysis26, leading to 
C2H6, C2H4, and H2. The intensities of C2H4 and H2 were 
monitored as a function of the temperature and the obtained 
results are shown in figure 2. Both molecules were not detected 
below 250 °C which means that DEZ is thermally stable. 
Above 250 °C, the signal intensity relative to C2H4 and H2 
increases with the temperature, indicating the occurrence of the 
thermolysis reaction. This result indicates that the maximum 
temperature applicable for the ALD regime is 250 °C. It is 
worth mentioning that the hydrolysis of DEZ can occur already 
below room temperature27. Therefore we focused our work on 
the ALD of ZnO from 50 °C up to 250 °C, in order to 
characterize their photocatalytic performances. It is worth 
mentioning that purging water from the reactor below 50°C is 
highly demanding. 
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Figure 2: RGA analysis of a) ethylene and b) hydrogen in the exhaust gas as a 
function of the reactor temperature (50 °C to 400 °C) using an inlet gas of N2-
DEZ. 
Results and Discussion 
Photocatalytic performance: 
When ZnO is irradiated with a light whose energy is above the 
band gap, an electron (e-)/hole (h+) pair can be created. The 
highly reactive carriers (e- and h+) will produce hydroxyl (OH•) 
and superoxide radicals (O2•-) when reacting with water or 
oxygen at the ZnO surface (Figure 3). OH• is a strong oxidizing 
radical that can react with C-C bonds in organic molecules. O2•- 
is a reducing specie that is able to reduce H2O into H2O2. H2O2 
under UV light decomposes in OH•. The well admitted 
mechanism for a photocatalytic degradation can be described as 
follow28,29,30: 
ZnO + hυ  ZnO (h+(vb) + e
-
(cb))       [1] 
H2O + h
+ 
 H+ + OH•         [2] 
e- + O2  O2
•-     [3] 
O2
•- + H+  HO2
•      [4] 
O2
•- + HO2
• + H+  H2O2 + O2                          [5] 
H2O2 + hυ  2OH
•                                            [6] 
O2
•- + organic compounds  CO2 + H2O + … [7] 
OH• + organic compounds  CO2 + H2O + ... [8] 
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Figure 3: Scheme of photocatalytic initiation. 
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Figure 4: Photocatalytic degradation of methylene blue under UV light (365 nm – 
8 W) over ZnO films grown at different temperatures. Lightning corresponds to 
time=0. 
The investigation of the photocatalytic activity of the ZnO films 
with similar thicknesses shows a clear correlation between the 
growth temperature and the degradation kinetic of methylene 
blue (Figure 4). Before switching on the UV light, ZnO 
surfaces have been exposed to the methylene blue solution 
during 90 minutes. This protocol induces a slight decrease of 
the methylene blue concentration in the liquid solution. This is 
attributed to the methylene adsorption at the sample surfaces. 
After switching on the UV light, one can notice a continuous 
decrease of the methylene blue concentration matching a 
pseudo first order kinetic law: Ln(C0/C)=kt. The degradation 
rate k (min-1) of all ZnO nanofilms has been extracted when 
plotting Ln(C0/C) versus the irradiation time (Figure 5). The 
ZnO films grown at 50 °C and 100 °C exhibit a degradation 
rate constant (normalised to the surface area) in the range of 
5.10-4 min-1.cm-2 (Table 1). More than a two fold improvement 
is observed for the films grown above 150 °C, and the 
degradation rate ranges from 1.75.10-3 to 2.15.10-3 min-1.cm-2. 
Our photocatyltic degradation rate constant (around 2.15.10-3 
min-1.cm-2) is similar to the degradation rate constant 
(normalised to the exposed surface) reported for nanofilms 
obtained by electrodeposition, i.e. 3.1.103 min-1.cm-2, while 
being at least 3 orders of magnitude higher than isolated 
nanostructures like nanoparticules, tetrapods or nanowires 
grown by wet or dry chemistries (Table 2). Table 2 also reports 
a very low degradation rate of nanofilms grown by ALD 
(Y.Cao et al.); this further highlights the excellent 
photocatalytic performance of our films. Therefore, a detailed 
investigation of the properties of our nanofilms is required to 
better identify the rationales controlling the photocatalytic 
responses of our ZnO nanofilms. 
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Figure 5: Plot of Ln(C0/C) versus time for ZnO ALD grown at different 
temperatures in order to determine the first order degradation rate constant.
 Table 1: First order rate constant normalised to the surface exposed of the 
ZnO nanofilms grown at different temperatures, calculated from the linear 
plot of Ln(C0/C) versus the irradiation time. 
ZnO growth temperature (°C) First order rate constant normalised 
to the surface exposed (min-1.cm-2) 
50 5.10-4 
100 6.10-4 
150 17.5.10-4 
200 19.5.10-4 
250 21.5.10-4 
Silicon substrate (control) 2.10-4 
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Table 2: Bibliographic study of the first order degradation rate constant for different ZnO structures grown by different techniques. 
ZnO structures Synthesis technic 
Degradation constant k 
(min-1) 
Exposed surface (cm2) 
Degradation rate 
constant normalized to 
the surface (min-1.cm-2) 
References 
Nanofilm Electrodeposition 0,0062 2 3.10.10-03 31  
Nanofilm ALD 0,0006 79 7.59.10-06 32  
Nanoparticles Wet synthesis 0,008 15360 5.21.10-07 33 
Nanoparticles Sol-Gel 0,016 47300 3.38.10-07 34 
Nanoparticles Hydrothermal 0,05 22950 2.18.10-06 35  
Tetrapods Vapour phase 0,34 1100 3.09.10-04 35  
Nanowires Vapour phase 0,015 20050 7.48.10-07 36  
 
 
Physical and chemical properties of ZnO thin films: 
 
The morphology of the obtained ZnO films was investigated by 
SEM as shown figure 6. The micrographs reveal conformal 
ZnO films covering the entire surface of the sample and 
composed of compact grains. The surface morphology shows 
symmetrical grains below 150 °C, while grains with enhanced 
elongation are observed above this temperature. This evolution 
of the topography has been monitored by AFM to determine the 
surface roughness. At low temperature, the roughness of the 
film is around Ra=11 nm, whereas a roughness of Ra=20 nm 
was measured for films grown at 250 °C. This change in the 
surface roughness is incremental, which explains a non-
significant change in the specific surface area estimated from 
AFM pictures (not shown). 
The differences in the morphology and specific surface between 
ZnO films grown at different temperatures are not significant 
enough to justify such variation of their photocatalytic activity. 
A study of the physico-chemical properties of the ZnO is 
therefore needed to better allocate the origin of this 
phenomenon. 
The photoluminescence for ZnO films obtained at various 
growth temperatures is depicted in figure 7a. ZnO usually 
exhibits two luminescent bands. The narrow one in the near 
visible region, around 380 nm (3.2 eV), corresponds to the 
radiative exciton recombination in the material. It can also be 
reported as the near band edge emission (NBE). This peak is 
attributed to the direct electronic band gap of the crystal37. An 
intense and narrow peak is characteristic for a highly crystalline 
ZnO structure38,39,40. A second peak can be found in the visible 
region of the spectrum. The origin of this broad peak, with a 
maximum often in the green region around 580 nm (2.33 eV),  
is still debated in the literature41,42, but it is commonly 
attributed to deep level defects (DLE) in the material like zinc 
vacancies, zinc interstitial, oxygen vacancies and oxygen anti-
sites43.  
As depicted in figure 7a, low temperature processes lead to 
films with a broad and intense luminescent band from 500 to 
700 nm without any resolved excitonic peak. With increasing 
deposition temperature, the broad band intensity vanishes while 
the NBE peak intensifies. It is worth mentioning that the 
narrow peak observed at 560 nm on the spectrum corresponds 
to the double wavelength of the excitation source, and has no 
relation with our samples. This change in the optical properties 
of ZnO can be assigned either to chemical or structural 
differences. Zhou et al. have shown that the presence of 
Zn(OH)2 at the surface of ZnO quantum dots quenches the ZnO 
NBE signal44. Same authors have also shown that the thermal 
decomposition of Zn(OH)2 leads to ZnO quantum dots that 
exhibit a clear NBE luminescence. Absorption measurements 
are displayed in Tauc plots (Figure 7b) to determine the optical 
bandgap of our nanofilms. The optical absorption is similar for 
ZnO nanofilms grown above 50 °C, this leads to an optical 
bandgap of 3.3 eV, very close to the values reported for pure 
ZnO crystals45, and matching the wavelength of the excitonic 
peak (3.2 eV) observed in photoluminescence. For the ZnO 
grown at 50 °C, the optical bandgap is significantly higher, 
around 3.5 eV, highlighting the variation of the “ZnO” 
nanofilms properties. This corroborates with the 
photoluminescence spectrum showing a significant increase of 
the photoluminescence response in the range of the visible 
wavelength and the lack of photoluminescence originated from 
the radiative recombination of excitons close to the optical band 
gap. The formation of –OH bonds is inherent to the ALD 
process used in this study46. It is thus very plausible to retrieve 
a fraction of these OH bonds within the bulk of the films, 
especially those grown at low temperatures (because of 
uncompleted reaction between –OH and DEZ with the used 
exposure time). A high concentration of hydrogen impurity 
might even yield an amorphous hydrogenated ZnOxHy phase. 
This hypothesis would be in line with the observed intense 
broad luminescence peak in the visible spectral range for films 
grown at low temperatures, and the emergence of the NBE 
luminescent signal for films grown above 150 °C. 
XPS measurements have been carried out to verify this 
hypothesis (Table 3). Analyses have been performed after an 
etching of the surface (around 10 nm) with an argon ion beam 
in order to probe the bulk of the ZnO films. XPS analyses 
confirm the presence of Zn-OH bonding in the bulk of the 
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grown film at low temperatures47. As seen in figure 8a, the high 
resolution O1s peak can be deconvoluted in two components: 
Zn-O bonding at 530.7 eV ±0.2 eV and Zn-OH bonding at 
532.2 eV ±0.2 eV. The relative fraction of Zn-OH bonding is 
around 30 % for films grown at 50 °C. This fraction is two 
folds lower for films grown at 100 °C with a fraction of 15%, 
and decreases still below 10 % for films grown at 250 °C 
(figure 8b). The exact positions of the peaks, as well as the 
relative binding energies are depicted in Table 3.
  
Figure 6: Surface morphology of ZnO films by SEM pictures as a function of the growth temperature. 
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Figure 7:  Photoluminescence spectrum (a) and TauC plots (b) of ZnO films grown at different temperatures (50 °C, 100 °C, 150 °C, 200 °C, 250 °C). 
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Figure 8: a) XPS O1s high resolution spectrum of the ZnO film grown at 50 °C, the two deconvolutions appear in blue for the Zn-OH bonding and in red for the Zn-O. b) 
Evolution of the relative concentration of Zn-OH bonding (in blue) and the Zn-O bonding (in red). 
Table 3: XPS results presenting the position and the relative contribution of the Zn-OH and Zn-O bonding for films grown at different temperatures. 
 
The modified Auger parameter (α’) has been estimated by 
adding the binding energy of the Zn2p3/2 peak and the kinetic 
energy of the LMM Auger peak (Table 3). Figure 9 shows the 
modified Auger parameter as a function of the growth 
temperature. In the case of ZnO synthesised above 150 °C, α’ is 
perfectly matching the theoretical α’ of bulk ZnO48. However, 
for the ZnO nanofilms grown under 150 °C, α’ is significantly 
lower and evidences different chemical states of Zn in these 
nanofilms. 
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Figure 9: Modified Auger parameter calculated for ZnO ALD thin films grown at 
different temperatures. The linear dot line corresponds to the theoretical 
modified Auger parameter for bulk ZnO. 
XPS studies indubitably reveal that ZnO nanofilms grown at 
low temperature are contaminated with hydrogen impurity. 
Sample  
Peak 
position BE 
(±0,1ev) 
Zn LMM 
(±0.1eV) 
Modified 
Auger 
parameter α’ 
(eV) 
 
Peak position BE 
(±0,1ev) 
FWHM 
(±0,2eV) 
Relation 
contribution 
(%) 
ZnO 50 °C Zn2p 1021,9 987,8 2009,8 
O1s (Zn-O) 530,7 1,2 70 
O1s (Zn-OH) 532,3 1,6 30 
ZnO 100 °C Zn2p 1022,0 988,2 2010,3 
O1s (Zn-O) 530,7 1,2 84 
O1s (Zn-OH) 532,2 1,7 16 
ZnO 150 °C Zn2p 1021,8 988,7 2010,5 
O1s (Zn-O) 530,6 1,5 85 
O1s (Zn-OH) 532,2 1,8 15 
ZnO 200 °C Zn2p 1021,8 988,7 2010,5 
O1s (Zn-O) 530,5 1,2 87 
O1s (Zn-OH) 532,1 1,6 13 
ZnO 250 °C Zn2p 1021,8 988,7 2010,5 
O1s (Zn-O) 530,7 1,2 90 
O1s (Zn-OH) 532,4 1,5 10 
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Interstitial hydrogen and/or a segregated ZnOxHy phase are 
plausible. Since interstitial hydrogen is expected to induce a 
perceptible variation of the lattice parameters49. XRD 
measurements have been carried out to clarify this issue. 
According to the X-ray diffractograms reported in figure 10, all 
ZnO nanofilms exhibit a hexagonal wurtzite structure with 
identical lattice parameters. An improved crystallinity is 
noticed when the growth temperature is increased. 
Lattice parameters have been calculated in the case of the 
hexagonal wurtzite structure by applying the following 
formula: 
 
[9] 
Where dhkl is the distance between two lattice planes. h, k, l are 
the Miller indices and a, b, c the lattice parameters of the 
hexagonal wurtzite structure. From the (100) and the (110) 
diffraction peaks, the a and b parameters have been determined 
(a=b). From the (002) diffraction peak, we have estimated the c 
parameter. The values obtained are in very good agreement 
with the published lattice parameters50 and are comparable 
regardless of the growth temperature (Table 4). No lattice 
distortion is evidenced, making the presence of interstitial 
hydrogen very unlikely. Segregated ZnOxHy phase is more 
probable together with the noticed change of the preferential 
crystalline orientation of the nanofilms according to the growth 
temperatures. There is a range of temperature between 100 °C 
and 150 °C where the (100) peak is dominant, whereas at 
higher temperatures its contribution lowers, and the (002) 
orientation becomes predominant. This crystalline texturation 
of the films is emphasized in figure 11 when plotting the 
calculated ratio of the XRD peak intensities (002)/(101). This 
ratio is five times more important for the films grown at 250 °C 
versus the ones obtained at 50 °C. 
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Figure 10: XRD spectra of ZnO films grown at different temperatures. 
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Figure 11: Ratio of the intensities of the two peaks (002)/(101) versus the growth 
temperature. 
 
Table 4: Lattice parameters for the hexagonal wurtzite structure of ZnO films 
grown at different temperatures. 
 
This confirms further our hypothesis of growing crystalline 
ZnO together with a segregated amorphous ZnOxHy phase at 
very low temperature (<100°C). This latter phase inhibits the 
photocatalytic performance and quenches the 
photoluminescence of ZnO, as measured. Increasing the 
deposition temperature reduces substantially the fraction of the 
amorphous phase with a significant improvement of the 
photocatalytic and luminescence properties. This overall 
schematic picture of the crystallographic morphology of the 
obtained thin films is depicted in figure 12. The slow 
photodegradation rate for the grown ZnO at low temperatures 
can be attributed to the recombination of photo-generated e--h+ 
pairs at the grain-boundaries or within the H induced defects in 
the ZnOxHy amorphous phase. Both grain boundaries and the 
amorphous hydrogenated phase are reduced substantially for 
grown ZnO at elevated temperatures, which triggers the 
improvement of the ZnO photocatalytic activity. 
In addition, this study reveals a change of the ZnO texture, 
varying from the (100) orientation at low temperature to the 
(002) orientation at high temperatures. The (002) plane is a Zn 
terminated polar plane with high surface energy, while the 
(100) plane is a non polar plane with low surface energy51. 
Consequently, water and its contaminants will adsorb 
preferentially on the (002) surfaces than on the (100), which is 
ZnO hexagonal wurtzite structure 
Deposition 
temperature 
a=b (Å) (±0.7 Å) c (Å) (±0.1 Å) 
50 °C 3,25 5,22 
100 °C 3,26 5,24 
150 °C 3,25 5,23 
200 °C 3,25 5,22 
250 °C 3,25 5,21 
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favourable for the degradation of water pollutants, as depicted 
figure 13. Water contact angle analysis highlights the 
wettability change as a function of the growth temperature of 
ZnO and the (002)/(101) crystalline orientation ratio. We can 
distinguish in figure 14 a clear increase of the hydrophilicity of 
the ZnO surfaces with their growth temperature. This variation 
of hydrophilicity might be directly related to the grain size 
evolution and the texture in the (002) orientation52,53. In our 
case, the contribution of the grain size is not likely to be 
relevant since the increase of the surface roughness as a 
function of the growth temperature is marginal. Polar organic 
molecules, such as methylene blue, adsorb preferentially on 
polar surfaces (following a dipolar process). Therefore, the 
adsorption will be promoted on ZnO surfaces grown at elevated 
temperatures, which is favourable for their photocatalytic 
degradation. Bekermann et al. already shown that an increase 
of the hydrophilicity of ZnO surfaces could also improve their 
photodegradation performances54. 
 
 
Figure 12: Schematic representation of the mechanism proposed for the growth 
of ZnO by ALD at low and high temperature. At low temperature, small 
crystallites with different orientations are embedded in an amorphous matrix of 
ZnxOHy. At high temperature, crystallites are larger and mainly oriented in the 
(002) plan. The amorphous phase has disappeared. 
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Figure 13: Photodegradation rate constant of the different ZnO films as a 
function of the texturation of the ZnO thin films. 
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Figure 14: Water contact angle of the ZnO films grown at different temperatures. 
 
Conclusions 
We demonstrated in this work the impact of the ALD growth 
temperature on the properties of ZnO thin films. We showed 
that low temperature ZnO processes lead to ZnO polycrystalline 
structures and a preferred (100) orientation. The performed 
analyses suggest strongly the presence of an amorphous 
ZnOxHy phase as a matrix. The highest ZnO crystallinity was 
obtained at high growth temperatures, where the amorphous 
ZnOxHy phase is no more detected and a preferred (002) 
orientation emerges. The optical and photocatalytic properties 
are highly dependent to the chemical composition and the 
structure of the ZnO layer. In fact, the (002) texture promotes 
the wettability of the ZnO surface while suppressing the 
amorphous hydrogenated phase improves the optical properties. 
Both aspects enhance the photocatalytic properties of ZnO that 
exhibits the highest recorded degradation rate of methylene 
blue when grown at 250 °C. 
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